-induced Ca 2+ release (CICR) from intracellular stores (Endo et al. 1970; Fabiato and Fabiato 1975) . Neuronal CICR was first seen in Aplysia (Gorman and Thomas 1980) , then confirmed in bullfrog (Smith et al. 1983; Lipscombe et al 1988) and rat (Neering and McBurney 1984) . CICR is typically considered the product of voltage-gated Ca 2+ influx opening ryanodine receptors (RyRs) on the endoplasmic reticulum (ER) to cause Ca 2+ release (Bardo et al. 2005; Verkhratsky 2005) . CICR is sensitive to the alkyloid, ryanodine (Meissner 1985; Imagawa et al. 1987) , as well as depletion of ER Ca 2+ by the Ca
2+
-ATPase blocker, cyclopiazonic acid (CPA; Seidler et al. 1989) , or the RyR agonist, caffeine (Weber 1968; Rousseau et al. 1988) .
Upon entry from the extracellular space or the ER, mitochondria may take Ca 2+ up via the mitochondrial Ca 2+ uniporter (Gunter and Pfeiffer 1990; Gunter and Gunter 1994; Colegrove et al. 2000a,b; Kirichok et al. 2004; Kim et al. 2005) . After sequestering Ca
, mitochondria can release it back into the cytosol, typically through Na + /Ca 2+ and H + /Ca 2+ exchangers (Puskin et al. 1976; Wingrove and Gunter 1986; Gunter and Pfeiffer 1990; Pauceka and Jabůrekb 2004; Colegrove et al. 2000a,b) .
Mitochondrial Ca 2+ buffering and release is involved in post-tetanic potentiation (Tang and Zucker 1997; Zhong et al. 2001) and exocytosis (Giovannucci et al. 1999; Billups and Forsythe 2002) .
Moreover, while not traditionally considered as a source for CICR, mitochondria have been found to modulate CICR (Friel and Tsien 1994; Jackson and Thayer 2006) . In the present study, we further this role considerably by suggesting that mitochondrial Ca 2+ release is a pre-requisite for CICR in the bag cell neurons of Aplysia.
The bag cell neurons from the marine mollusc, Aplysia californica, are neuroendocrine cells that control reproduction (Kupfermann 1967; Kupfermann and Kandel 1970; Pinsker and Dudek 1977; Dudek et al. 1979) . Following brief synaptic input, these neurons undergo a 30-min afterdischarge that triggers neuropeptide release and initiates egg-laying behaviour (Arch 1972a,b; Stuart et al. 1980; Loechner et al. 1990 ). The bag cell neurons have been employed to examine ion channels, peptide release, and intracellular Ca
. For example, Fisher et al. (1994) , thereby activating membrane conductances as well as trigger secretion, transcription, or translation.
were filtered at 3 kHz and sampled at 2 kHz using an IBM-compatible personal computer, a Digidata 1300 analogue-to-digital converter (Axon Instruments) and the Clampex acquisition program of pCLAMP 8.1 (Axon Instruments). Stimulation current was delivered using a S88 stimulator (Grass;
Warwick, MA, USA). Electrophysiology was typically carried out simultaneously with Ca 2+ imaging.
Ca

2+ imaging
The Ca
2+
-sensitive dye, fura-PE3 (K + salt; 0110; Teflabs, Austin, TX, USA; Vorndran et al. 1995) , was pressure injected via sharp-electrode using a PMI-100 pressure microinjector (Dagan, Minneapolis, MN, USA), while simultaneously monitoring membrane potential with the Axoclamp.
Microelectrodes (as per sharp-electrode current-clamp) had a resistance of 15-30 MΩ when the tip was filled with 10 mM fura-PE3 then backfilled with 3 M KCl. Injections required 3-10, 0.2 ms pulses at 50-100 kPa to fill the neurons with an optimal amount of dye -estimated to be 50-100 µM. All neurons used subsequently for imaging showed resting potentials of -50 to -60 mV and displayed action potentials that overshot 0 mV following depolarizing current injection (0.5-1 nA, directly from the amplifier). After dye injection, neurons were allowed to equilibrate for at least 30 min. Imaging was performed using a Nikon TS100-F inverted microscope (Nikon, Mississauga, ON, Canada) equipped with Nikon Plan Fluor 20X (numerical aperture (NA) =0.5) or 40X (NA=0.6) objectives. The light source was a 75 W Xenon arc lamp and a multi-wavelength DeltaRAM V monochromatic illuminator (Photon Technology International, London, ON, Canada) coupled to the microscope with a UV-grade liquid-light guide. Excitation wavelengths were 340 and 380 nm. Between acquisition episodes, the excitation illumination was blocked by a shutter, which along with the excitation wavelength, was controlled by an IBM-compatible personal computer, a Photon Technology International computer interface, and ImageMaster Pro software (version 1.49, Photon Technology International). The emitted light passed through a 510/40 nm barrier filter prior to being detected by a Photon Technology
International IC200 intensified charge coupled device camera. The camera intensifier voltage was set based on the initial fluorescence intensity of the cells at the beginning of each experiment and maintained constant thereafter. The camera black level was set prior to an experiment using the camera controller such that, at a gain of 1, there was a 50:50 distribution of blue and black pixels on the image display with no light going to the camera. Fluorescence intensities were sampled at 10, 20, or 60 sec intervals using regions of interests (ROIs) defined over the neuronal somata prior to the start of the experiment and, if necessary, averaged 4-8 frames per acquisition. The emission following 340 and 380 nm excitation was ratioed (340/380) to reflect free intracellular Ca
, and saved for subsequent analysis.
The black level determination, image acquisition, frame averaging, emitted light ROI sampling, and ratio calculations were carried out using the ImageMaster Pro software. transients evoked by action potential trains. The lack of an effect of DMSO is consistent with prior work by ourselves (Kachoei et al. 2006) and others (Jonas et al. 1997; Knox et al. 1992 Knox et al. , 1996 Knox et al. , 2004 who employ the bag cell neurons to study Ca 2+ or Ca 2+ channels. Tetraphenylphosphonium chloride (TTP; 218790; Sigma-Aldrich) was made up in water. Drug application or solution exchanges were accomplished by manual perfusion using a calibrated transfer pipette to exchange the bath (tissue culture dish) solution. In most cases, drugs were introduced directly into the bath by pipetting a small volume (<10 µl) of concentrated stock solution or a larger volume of saline (approximately 100 µl) that was initially removed from the bath, mixed with the stock solution, and then reintroduced. Care was taken to perform all pipetting near the side of the dish and as far away as possible from the neurons. Pretreatment duration was 20-30 min, unless stated otherwise.
Reagents and drug application
Analysis
Origin (version 7; OriginLab Corporation, Northampton, MA, USA) was used to import and plot ImageMaster Pro files as line graphs. For intracellular Ca
2+
, analysis usually compared the steady-state value of the baseline 340/380 ratio with the ratio from regions that had reached a peak or new steadystate during either action potential firing or CICR. For CICR, these regions are indicted in the figures by short dotted lines. Averages of both regions were determined by eye or with adjacent-averaging.
Change was expressed as a percent change (peak % ∆ 340/380 or CICR % ∆ 340/380) of the new ratio over the baseline ratio. In one instance (Fig. 7C) (Fink et al. 1988; Knox et al. 1992; Fisher et al. 1994) . However, in none of these cases were the rates and duration of the stimulus controlled to reflect physiological firing rates. Typically, the afterdischarge in the intact cluster is evoked by a 4-6 Hz, 10 sec train, which then results in two phases of action potential firing: a fast phase of approximately 1 min at 2-6 Hz, followed by a slow phase of close to 30 min at 0.5-1 Hz (Kaczmarek et al. 1982; Fisher et al. 1994; Magoski and Kaczmarek 2005; Zhang et al. 2002) . Thus, for the present study, changes to intracellular Ca 2+ were evoked with either a short train of action potentials corresponding to the stimulus used to trigger the afterdischarge, or a long train corresponding to the fast phase of the afterdischarge itself. In either case, we sought to determine if the Ca 2+ rise produced by the stimuli resulted in subsequent intracellular Ca 2+ release.
The short train of action potentials was delivered at 5 Hz for 10 sec to individual cultured bag cell neurons current-clamped to -60 mV. This elicited a distinct, fast-rising episode of Ca 2+ influx, followed by a slow, essentially monoexponential decay back to baseline over the course of a few min ( Fig. 1A; n=14 ). An endoplasmic reticulum Ca 2+ -ATPase blocker, cyclopiazoninc acid (CPA), was added before delivering the train to determine if the Ca 2+ elevation was influenced by ER Ca 2+ uptake and/or release. Following the 5 Hz, 10 s train, the peak percent change in Ca 2+ for neurons treated with 20 µM CPA was not statistically different from control ( Fig. 1B,C; n=10) . Similarly, the time to return to 75% of baseline Ca
, following administration of the train, was not significantly affected by CPA (Fig. 1D ).
Because the Ca 2+ change following the short train decayed quickly, and was not altered by depletion of the ER, a long train was employed. In this case, the stimulus consisted of a 5 Hz, 1 min train of action potentials from -60 mV (Kaczmarek et al. 1982 ). (Neering and McBurney 1984; Lipscombe et al. 1988; Orkand and Thomas 1995; Schmigol et al. 1995; Usachev and Thayer 1997; Solovyova et al. 2002) , it was not employed in the present study. If applied at concentrations required to deplete the ER (in the mM range), caffeine strongly depolarizes bag cell neuron resting potential and inhibits voltage-dependent K + channels (Magoski, unpublished).
Moreover, many bag cell neuron conductances are sensitive to adenosine 3':5'-cylic monophosphate (cAMP; Kazcmarek and Strumwasser 1984) , and the inhibitory actions of caffeine on phosphodiesterases (Beavo et al. 1970) would confound matters by elevating cAMP levels. here, the FCCP-induced depolarization was counteracted manually by increasing, and later decreasing, delivery of hyperpolarizing current, such that the membrane potential was maintained at -60 mV throughout.
Collapse of the mitochondrial membrane potential largely eliminates CICR
While delivery of a 5 Hz, 1 min train from -60 mV resulted in a robust Ca 2+ influx and CICR in nASW ( Fig. 4A ; n=7), pre-treatment with 20 µM FCCP significantly reduced CICR amplitude to onefifth of the control amplitude ( Fig. 4B ,E; n=12). The time required to reach 75 % recovery to baseline Ca 2+ was significantly shortened by FCCP (Fig. 4D ). Provided CPA and FCCP act on separate Ca 2+ stores (see next section of Results), both of which appear to be involved in CICR, the response to the long train was examined following dual depletion. As was done before, neurons were pre-treated with 20 µM CPA to deplete the ER store. Once the fluorescence ratio intensity returned to baseline (20-40 min), FCCP was applied and the membrane potential was maintained at -60 mV. Subsequent to dual depletion, the 5 Hz, 1 min train was delivered, with the result being a clear and significant reduction in CICR ( Fig. 4C; n=6 ). The effects of both drugs together, however, were not additive, and compared to control, the combined CPA/FCCP treatment was no more effective than FCCP alone (Fig. 4E ).
CPA and FCCP deplete Ca 2+ from distinct stores in cultured bag cell neurons
Key to suggesting that the effects of CPA and FCCP are disparate, is the certainty that they target separate Ca 2+ stores. To confirm the ability of CPA to effectively deplete the ER, 20 µM CPA was added to fura-loaded neurons in Ca 2+ -free ASW. With no Ca 2+ present in the bath, CPA addition resulted in a rise in Ca 2+ followed by a return to near baseline. With subsequent addition of CaCl 2 to the bath, a second prominent rise in Ca 2+ was observed ( Fig. 5A; n=11 ). This second Ca 2+ elevation is referred to as store-operated Ca 2+ influx, a processes observed in a diversity of cell types and species.
Store-operated Ca 2+ influx only occurs when the ER has been depleted of Ca 2+ , resulting in a signal to the plasma membrane that opens Ca A blocker of mitochondrial Ca 2+ release markedly reduces CICR FCCP decreases ATP synthesis as a result of dissipating the mitochondrial membrane potential (Abas et al. 2000; Allemann and Schneider 2000) . Moreover, lowered ATP levels can reduce CICR (Abas et al. 2000; Murayama et al. 2000) , presumably because of a loss of the direct stimulatory effect of ATP on the RyR channel (Rousseau et al. 1986) . To rule out the possibility that a reduction in ATP was involved in decreasing CICR amplitude, the mitochondrial Ca 2+ release blocker, tetraphenylphosphonium (TPP), was used. Unlike FCCP, TPP hinders mitochondrial Ca 2+ release without affecting ATP production (Aiuchi et al. 1985) . Specifically, TPP inhibits both the Na (Wingrove and Gunter 1986; Karodjov et al. 1986 ).
In control cells, delivery of the 5 Hz, 1 min train triggered substantial Ca 2+ influx and CICR ( Fig.   6A ; n=13). Consistent with other reports (Tang and Zucker 1997) , pretreatment with 100 µM TPP did not change the membrane potential or intracellular Ca
2+
. However, in the presence of TPP there was a significant reduction of CICR amplitude by nearly three-quarters, with only negligible effects on peak Ca 2+ influx ( Fig. 6B; n=5) . TPP did not significantly change the duration of CICR (Fig 6D) , despite a FCCP-like trend in the group data towards shortened recovery time. Depletion of the ER store by 20 µM CPA, followed by 100 µM TPP treatment, also significantly attenuated CICR amplitude ( Fig. 6C; n=11). That said, the decrease resulting from combined CPA/TPP treatment was not significantly different from TPP alone (Fig 6E) . Thus, as was the case for FCCP, elimination of the mitochondrial store effectively eliminated CICR. We also attempted to use KBR 7943, a different Ca 2+ exchanger antagonist (Iwamoto et al. 1996) ; however, this drug blocked bag cell neuron Ca 2+ current and prevented the initial influx.
Prior activation of PKC reduces peak Ca 2+ influx and does not alter CICR
Approximately 5 min following the onset of the afterdischarge in intact bag cell neurons, protein kinase C (PKC) activity is upregulated (Wayne et al. 1999 ), which in turn enhances the voltage-gated Ca 2+ current (DeReimer et al. 1985; Strong et al. 1987; Conn et al. 1989a,b) . Consequently, we tested the effects of phorbol 12-myristate 13-acetate (PMA), an effective PKC activator in bag cell neurons (Castagna et al. 1982; Sossin and Schwartz 1994) , on CICR. Delivery of the 5 Hz, 1 min train of action potentials in untreated neurons induced robust Ca 2+ influx and CICR ( Fig. 7A; n=7 ). In contrast, neurons pre-treated with 100 nM PMA for 25 min prior to the stimulus showed an approximately onequarter reduction in peak Ca 2+ influx during the train and no change in CICR amplitude ( Fig. 7B-D; n=10). The Ca 2+ influx during the train could have been lowered because of Ca 2+ -dependent inactivation of the Ca 2+ current (Tillotson 1979) . This form of use-dependent inactivation may have been increased due to a combination of the rapid stimulation and PKC-mediated enhancement of the Ca 2+ current itself.
Changes to Ca 2+ during a simulated afterdischarge
In examining the responses to the 5 Hz, 1 min train, the Ca 2+ dynamics associated with the fast phase of the afterdischarge were studied in isolation. However, in vivo the fast phase is followed by a prolonged period of slow firing (around 1 Hz for 30 min). Moreover, in the prior experiment involving PKC activation, PMA was added well before the train was delivered. Yet, in the intact cluster, PKC activity is not upregulated until approximately 5 min subsequent to the onset of the afterdischarge (Wayne et al. 1999) . Thus, in an effort to recapitulate an afterdischarge-like stimulus, a compound train consisting of a 5 Hz, 1 min train (to mimic the fast phase), immediately followed by a 1 Hz, 30 min train (to mimic the slow phase) was delivered. Although the in vivo afterdisharge has a depolarizing component, we confined the stimulus to mimicking just action potential firing, so to limit both the extent of Ca 2+ current inactivation (which would speed up if evoked repeatedly from a more depolarized potential) and the activation of any persistent voltage-dependent Ca 2+ or cation channels (which would provide additional, uncontrolled Ca 2+ influx). In addition, PMA was applied to some neurons just 10 min prior to the compound train, such that the kinetics for PKC activation would be more physiological. Conn et al. (1989b) showed that bath-applied PMA increased Ca 2+ current in cultured bag cell neurons within 10-15 min.
Delivery of the simulated afterdischarge produced a biphasic Ca 2+ elevation. This included an initial spike of Ca 2+ during the 5Hz, 1 min phase, followed by a slowly-declining plateau through the course of the 1 Hz, 30 min phase ( Fig. 8A; n=10) . The Ca 2+ elevation was quantified by taking the percent change from baseline over the early and late periods of the 1 Hz, 30 min phase. Upon termination of the compound train, the Ca 2+ returned to baseline relatively quickly, with a time to 75% recovery of close to 5 min (Fig. 8E) . Remarkably, this appeared to be similar to, or even faster than, that seen following CICR induced by the 5Hz, 1 min train alone (compare to Fig. 4D or 6D) . Treatment with 100 nM PMA 10 min prior to the compound train significantly enhanced the Ca 2+ elevation ( Fig. 8B; n=7). In comparison to control, the Ca 2+ change during both the early and late period of the 30 min, 1
Hz phase was nearly a third-again as large with PMA. Moreover, PKC activation significantly prolonged the return to baseline duration, with almost a four-fold increase in the time to 75% recovery (Fig. 8E) .
Discussion
A short train of action potentials, like the stimulus typically used to trigger an afterdischarge in vivo (5 Hz, 10 s), failed to initiate CICR in cultured bag cell neurons. Rather, CICR required a burst of action potentials mimicking the fast phase of the afterdischarge itself (5 Hz, 1 min). This is similar to certain forms of neuronal CICR evoked by only lengthy bursts of action potentials and prominent Ca 2+ influx (Smith et al. 1983; Neering and McBurney 1984; Schmigol et al. 1995; Richter et al. 2005) , but is unlike other versions where brief firing or single action potentials are sufficient to initiate CICR (Gorman and Thomas 1980; Hua et al. 1993; Orkand and Thomas 1995; Cohen et al. 1997; Solovyova et al. 2002) . Because the response in bag cell neurons occurs only subsequent to the fast phase-like train, it would suggest that Ca 2+ release is more likely once the afterdischarge itself is underway, rather than just after the initial stimulation. This may serve to avoid erroneous Ca 2+ release.
In part, bag cell neuron CICR is consistent with similar phenomena observed in other preparations. First, it is reduced by ryanodine, which acts on RyRs found on the ER (Berridge 1998; Meldolesi 2001; Bardo et al. 2006) . Typically between 50 and 100 µM is sufficient to eliminate CICR, as reported in leech (Trueta et al. 2004) , salamander (Suryanarayanan and Slaughter 2006) Baseline 340/380 is 0.349.
C)
The difference in peak percent change in 340/380 from control and CPA pretreated cells does not reach significance (unpaired t-test). For this and subsequent bar graphs, data represent the mean ± SEM and the n value is indicated within the bars.
D)
The time required to reach 75% recovery of baseline Ca 2+ appears extended by CPA; however, this difference is not significant (Mann-Whitney U test). 
C and D)
Summary data comparing the percent change in Ca 2+ amplitude taken from the early and late periods of the slow phase. During both periods, PMA results in a significant increase in Ca 2+ compared to control (unpaired t test). E) Summary data for the time to reach 75 % recovery to baseline. The addition of PMA significantly lengthens the time to reach 75 % recovery (unpaired t test). In two controls, the impalement was lost before 75% recovery was reached; thus, the n-value decreases from 10 in panels C and D to 8 in panel E. 
